We describe an instrument for the measurement of surface flatness, parallelism, and size ͑thickness͒ of plane-parallel parts in a single measurement to 1 gauge capability of 0.02, 0.03, and 0.06 m, respectively. A low-coherence IR profiler viewing both sides of the part simultaneously, believed to be novel, accommodates a wide variety of industrial surface finishes, including machined, ground, or lapped parts, with a 75-mm field of view and 15,000 pixels per side. A heterodyne laser displacement gauge together with an integrated zeroing system allows for a range of part sizes from 0 to 100 mm.
Introduction
As in other areas of technology development, efficient and precise mechanical systems require everimproving metrology. Valves, injectors, and pumps incorporate assemblies of plane-parallel disks tightly controlled for flatness, thickness ͑also called part size͒, and parallelism. It is not unusual to cite tolerances of the order of 1 m in the fuel injector industry, a level of precision that is fast approaching that of optical components.
Optical interferometry is a logical choice for improving metrology on precision-engineered parts, given the long history of optical surface form testing to the nanometer uncertainty level. However, a complete optical validation of geometric dimensions requires several innovations. First we require an optical profiler that is at the same time robust, fast, high precision, free of interference fringe-order ambiguity, adapted to ground and lapped metal surfaces, and able to view complex forms without shadowing. Next we need to examine the test part simultaneously from different viewing angles using two or more such profilers. Each profiler measures the absolute positions of surface points in three dimensions with respect to a coordinate system local to each profiler. Finally, we need to locate the various profilers with respect to each other in a common coordinate system so as to determine geometric relationships.
Here we describe an optical metrology system developed to the level of a commercial instrument, presently in use for production verification of dimensions and tolerances on plane-parallel, precision-engineered engine components up to 75 mm in diameter and 100 mm in length. 1 The system simultaneously measures part size, surface parallelism, and surface form with a 1 gauge repeatability and reproducibility of 0.06, 0.03, and 0.02 m, respectively. The dimensional calculations involve some 30,000 data points acquired and processed within 10 s to create three-dimensional images such as are shown in Fig. 1 . We describe the general principles of the instrument, the enabling technologies, and the results of performance testing.
Relational Measurements by Use of Dual Optical Profilers
The fabrication of precision-engineered industrial components is governed by standard practice in geometric dimensioning and tolerancing ͑GDT͒, which describes allowable deviations in surface form as well as the relationships between part surfaces such as angle and separation. 2 A significant number of parts having challenging GDT requirements are nominally plane parallel. Figure 2 clarifies typical dimensions for parts of this type. The flatness tolerance specifies a zone defined by two parallel planes within which all the points on a surface must lie.
Dimensions such as the parallelism and size are often referenced to a part datum Q, a virtual construct in imaginary contact with a designated surface, here the lower surface A of the part. For example, parallelism is often defined as the minimum separation of two planes parallel to the datum Q that contain the entire upper surface B of the part.
We propose here that the ideal optical GDT instrument provides high data density, absolute surface topography maps of both sides of a test part with respect to a common coordinate system. The proposal to simultaneously profile both the front and the back surfaces optically does not come without some room for debate. Well-established multiple-wavelength techniques for the calibration of gauge blocks do not require imaging both sides of the test object. 3 One end of the gauge block is wrung to a polished surface plate and the interferometer views the other end of the block and the surface plate in the same field of view, from the same side. However, the reality is that most ground and lapped industrial parts are insufficiently smooth and clean for wringing to a surface plate, and many others are too small or have surface features that make it impractical to mechanically simulate the datum surface. Although one can imagine a variety of kinematic mounts for specific part shapes, we conclude that the most flexible and reliable system is entirely optical. Figure 3 therefore shows our generic configuration for simultaneous measurement of flatness, size, and parallelism by use of two optical profilers viewing from opposite sides of the part. Each optical profiler measures heights h opt in the z coordinate direction within a limited measurement range for any given point x, y on a surface with respect to an optical profiler datum H. Knowing how two optical profiler datums H A,B relate to each other, one can then map the complete geometry of the part within a common coordinate system. Once this is done, we can ana- lyze the data using any GDT standards that we chose, including a purely software simulation of the part datum Q shown in Fig. 2. 
Locating the Profiler Optical Datum Planes
In some cases, we can imagine an interferometer design in which there is a clear physical incarnation of the optical datum H. This is the case, for example, of the reference flat of a laser Fizeau interferometer, although such an instrument would not satisfy the present need for a profiler free of interference fringe uncertainty. In the most general case, the optical profiler datum H is not necessarily a physical object; rather it is an imaginary surface representing points in space for which the instrument would report a zero height h. Therefore the position, orientation, and even the shape of H are initially unknown.
To find and characterize the optical profiler datum, we introduce a physical surface Z such as a precision optical flat, measure its position, and define the array of measured heights h sys as the system height offset to the true zero position for the interferometer. The system height offset effectively locates the optical profiler datum H with respect to the artifact surface Z so that we can relate subsequent measurements to the position of the physical artifact. In a GDT verification system for plane-parallel parts, the preferred artifact has two tightly toleranced, parallel flat surfaces of known separation D z to which we can relate two nominally parallel datums H A,B simultaneously. We call measuring the artifact to calculate h sys the zero-gauge procedure.
It is generally necessary to move the datums H A,B from their zero-gauge positions by mechanical displacement or equivalent adjustment of the profilers, so as to accommodate various part sizes and shapes. As shown in Fig. 3 , displacement-measuring interferometers ͑DMIs͒ monitor these adjustments, as well as potential drifts and other relative motions between the profiler datums H A,B . Treating the optical datums as rigid bodies, we need at most three values from the DMI system: the change D DMI in separation and the changes ␣, ␤ in the two angles that describe the relative orientation of the profiler datums. In the two-dimensional representation of 
whereas the relative angle change is
where L is the separation of the DMI beams. The orthogonal angle ␤ is in this example assumed stable, e.g., equal to zero. We then relate heights h A,B for both the front and the back surfaces A, B of the object to a common datum H A,B using
Here we assumed that the field coordinates x, y already have the same sign and the same point of origin in both profiler images relative to a common coordinate system, achieved by straightforward coordinate transforms of the profiler images.
Once we have the heights h A,B representing points on the two surfaces A, B of the object, we can calculate a number of geometric parameters. Calculation procedures depend on the choice of definition for the flatness, parallelism, and size. Table 1 includes example processing. Alternative definitions, including those involving software simulations of a datum reference Q, are also available depending on the function of the part or the specific GDT standard to which the result is to be compared. This flexibility is inherent to the measurement principle, which generates all the data necessary to completely describe the form of the relevant part surfaces in the software.
Profiler Technology
Several innovative interferometric profiling techniques accommodate the nonoptical surface finish ͑e.g., 0.1-0.5-m average surface roughness͒ characteristic of machining, grinding, and lapping. These techniques include grazing incidence, 4 moiré, 5 multiple wavelengths, 6 geometrically desensitized interferometry, 7 and coherence radar. 8 One can adapt any of these technologies to the measurement principle shown in Fig. 3 .
In selecting the best sensor technology, we take into account the stringent requirements for singlesurface characterization. If a part's flatness tolerance is 1 m, then the 1 repeatability of the measured flatness, including loading and unloading the part with random orientation, has to be better than 0.02 m. This provides a 99% certainty that any single measurement is within Ϯ5% of the average value, assuming no systematic errors. It turns out that few optical techniques are capable of this level of performance with acceptable reliability, speed, and fault tolerance when rough surfaces are measured. Fringe projection, moiré, holographic, and speckle contouring techniques as well as visible- Step 1
Characterize the flatness of each of the surface profiles A and B by calculation of the difference between the highest and lowest height values after subtraction of a best-fit plane.
Step 2
Characterize the parallelism of the surface profiles A and B by fitting planes to each of the surfaces by use of leastsquares techniques, then calculate the difference between the highest and lowest separations of these best-fit planes. Step 3 Characterize the size of the part by calculation of the average difference of the two surface profiles A and B.
wavelength low-coherence interferometry suffer from speckle phenomena that limit their repeatability and complicate alignment and light-level control, particularly over large surface areas ͑e.g., Ͼ10 mm͒. 9 We therefore elected to try something entirely new to achieve the optimum precision and flexibility on industrial surfaces. Because flatness is a form parameter, there is no need to resolve ͑or be affected by͒ the high-frequency roughness components that create speckles. A solution therefore consists in use of longer wavelengths, which are not affected by the now unresolved roughness. Our experiments and those of other researchers show that most machined parts become mirrorlike at wavelengths longer than 5 m. 10, 11 We combine this observation with modern techniques for low-coherence interferometry and construct an infrared ͑IR͒ height profiler having a simple glowing filament as a light source. 12 As shown in Fig. 4 , clear interference fringes appear in the IR even on machined surfaces that generate fully developed speckle patterns at visible wavelengths. Metals, ceramics, and ground glass surfaces that have nonuniform reflectivity at visible wavelengths appear uniform in the IR. An additional benefit is the speed of data acquisition, which exceeds 75 m of surface height per second with a 60-Hz camera without resorting to sub-Nyquist sampling of the interference carrier.
The broad IR spectrum from the filament localizes the interference fringes and provides a wide range of wavelengths for use in frequency-domain analysis, a profiling technique that we have previously applied to visible-wavelength microscopy. 13 A computer captures a sequence of camera frames of intensity data during a mechanical scan of the reference mirror. These data are Fourier transformed on a pixelby-pixel basis to extract the interference phase versus the spatial frequency. A linear fit to these data provides a slope that is closely related to the fringe localization in the interference pattern and a mean phase equivalent to what would be obtained from a laser-based IR system. The slope data provide the correct fringe order for the interference phase. In this way, frequency-domain analysis uses both the coherence information and the underlying interference phase data to achieve a higher level of precision than is possible with coherence data alone, but without the fringe-order ambiguity characteristic of laser-based IR interferometry. For most industrial surfaces, the benefits derived from having useful phase information without speckle noise outweigh the scaling penalty of longer wavelengths.
Instrument Design
Because this is a low-coherence interferometer having a spectral bandwidth of 2 m, we need to balance the optical paths from reference to object surface, and this naturally leads to the Twyman-Green geometry of Fig. 4 . To facilitate data-acquisition synchronization, we combine the two profilers required for planeparallel parts into the single interferometer shown in Fig. 5 having two measurement paths but a common reference mirror. The reference mirror mounts on a capacitive feedback, closed-loop piezoelectrically actuated mechanical transducer calibrated off line to 20 nm by He-Ne laser interferometry. A single microbolomer camera captures data frames encompassing images from both sides of the object simultaneously. Each image covers 150 ϫ 110 camera pixels. Mechanical focusing stages carrying roof mirrors adjust the location of the optical profiler datums H A,B to bring the object surfaces within range of the profilers. A data acquisition consists of a 200-m reference mirror scan while data frames are collected at 1.25-m intervals, which correspond to one fourth fringe increments at the 10-m mean wavelength of the system. In the actual instrument, a large-scale casting maintains stable positions for the zinc selenide and germanium IR optics of a folded Twyman-Green geometry. Figure 6 is an example data profile display, showing the two nominally parallel surfaces of a machined metal part.
The optomechanical design requires only two DMI measurement axes to monitor the unconstrained degrees of freedom in the optical system. A third axis for the angle ␤ is not required thanks to the extensive use of highly stable roof mirror structures that act as retroreflectors in one dimension, for example, on the focus stages and the two fold mirrors near the part area. Two DMI beams based on the Zygo model ZMI 510 heterodyne laser system projected symmetrically to either side of the plane of Fig. 5 by use of a beam doubler account for rotations about a horizontal axis of the roof mirrors and the overall optical path of the system. Figure 7 is a detailed drawing of the DMI beam paths.
The zero-gauge artifact is integrated into the optomechanical design as a partially transparent window Fig. 4 . Low-coherence IR scanning interferometer. The filament provides broadband radiation to which the microbolometer camera is sensitive. When the equal-path condition is satisfied, high-quality localized fringes appear even on rough-surface objects.
having sufficient reflectivity ͑17%͒ on one of its surfaces for data collection ͑Fig. 5͒. In the zero-gauge focus position, profilers A and B measure the front and back of this artifact surface to initialize the system for subsequent measurements. Table 2 summarizes the zero-gauge procedure. Because the artifact is always in the instrument path, the zero-gauge procedure is fully automated and does not require the operator to do anything other than initiate the procedure through a computer command. Frequent zero-gauge commands, for example once an hour, compensate for drifts in optical component thickness and shape that are not detected by the DMI.
The part itself mounts in a cartridge that slides into a motorized tip and tilt stage. After adjustment of the focus stages according to stored position parameters, a rapid sub-Nyquist scan of the part surface informs the instrument of the initial orientation of the part, which is then corrected for minimum interference fringe density across the image by use of the stage motors. Table 3 summarizes the measurement procedure, leading to data for processing as summarized, e.g., in Table 1 . Automated part alignment, data acquisition, and data processing typically total less than 10 s͞part.
Calibration and Performance
The most important performance parameter for production testing is the gauge repeatability and reproducibility, or GRR. This specification relates essentially to the consistency of measurement, a critical and fundamental characteristic of the measurement tool. The 1 estimated by a detailed uncertainty analysis is 0.02 m for measurements of peak-to-valley ͑PV͒ flatness, including part removal and replacement. For relational measurements, we must add the noise in the DMI measurements as well as other factors that come into play when measuring separated surfaces, bringing the estimate to 0.03 and 0.06 m for parallelism and part size, respectively. The expectation based on the uncertainty analysis is for Ͻ10% GRR results for part tolerances of 1.0, 1.5, and 3.0 m for flatness, parallelism, and size, respectively. These results are generally achieved in practice for a clean, nominally plane-parallel part less than 1 cm thick in an environmentally controlled room. Extensive GRR studies validate these estimates on the instrument itself. Table 4 , for example, shows an average 1 deviation of 0.037 m for part size ͑i.e., thickness͒ for ten different part samples similar to that of Fig. 6 by use of two operators ͑1 and 2͒ and three trials each ͑A, B, C͒.
The 2 standard uncertainty of measurement including bias, sometimes termed informally the system accuracy, is 0.10, 0.15, and 0.30 m for flatness, parallelism, and size, respectively. Parallelism uncertainty is validated experimentally by a reversals test, whereas flatness uncertainty is verified by a high-quality optical flat.
The size uncertainty depends critically on calibration with respect to gauge blocks traceable to National Institute of Standards and Technology ͑NIST͒ certified standards to provide a first-order correction The 0.3-m 2 size uncertainty corresponds to a detailed uncertainty analysis for a part Ͻ10 mm in length, in a room having a Ϯ0.5°C temperature stability. NIST-traceable gauge blocks also verify system accuracy after setup. Table 5 shows, for example, verification results for gauge blocks 3 h after a complete system calibration. These results show values generally consistent with the predicted uncertainty of measurement, given that the true length of the 30-mm gauge block varies by 360 nm͞°C because of thermal expansion. Smaller deviations are expected and indeed observed for smaller parts and also immediately after calibration. However, we have observed larger deviations of as much as 1.5 m on long gauge blocks in a 7 . Detail of the optics for one of the two DMI paths. After traversing the system in double pass to compensate small-angle errors, the DMI beams recombine and generate a 4-MHz beat signal at the detector, the phase of which is monitored for displacement measurement. PBS, polarizing beam splitter. Step 1 Remove any part that may be in the instrument and move the focus stages to zero-gauge initialization position. Images A and B are now of the front and rear sides of the uncoated surface of the zerogauge artifact ͑see Fig. 5͒ and there will be visible interference fringes.
Step 2 Measure zero-gauge artifact by means of a reference mirror scan. Generate reference profiles that will be subtracted from all subsequent profiles.
Step 3 Zero DMI measurements. production environment and with infrequent calibration, i.e., once every few months. A full system calibration therefore should be regularly scheduled, consistent with common shop practice, for best accuracy in unstable environments.
Conclusion
From Fig. 5 and the discussions above, we can see that the measurement of part geometry is considerably more complex than the measurement of surface form alone. Our solution to simultaneous flatness, parallelism, and size measurement requires nothing less than the combination of a new profiler technology, IR scanning, with an advanced heterodyne laser DMI in a large, highly stable optomechanical system.
There are examples of specific measurement tasks for which the optical design can be simplified, and the alert reader will no doubt discover several of these. For example, repeated, dedicated measurements of the same part type allow for specialized in situ reference artifacts placed directly in the field of view, next to the part itself. This approach in some cases obviates the need for focus stages and the DMI monitoring system. Our experimental systems began this way but evolved to the more flexible design to accommodate a larger variety of part types and sizes. One can also imagine specific part types for which alternative profiling techniques such as grazing incidence or coherence radar would be adequate and perhaps more cost effective.
We find nonetheless that the combination of a dualsided, IR optical profiler with a He-Ne laser DMI provides the most flexible and robust approach to general-purpose gauging of the geometric dimensions of high-precision industrial parts. The underlying principles of the instrument can also be applied to other surface geometry problems, including orthogonality, step height, and nonplanar surface shapes such as cylinders and spheres, areas of industrial metrology in which there is still considerable research to be done to further advance interferometric metrology for precision manufacturing.
The technology described in this paper has been incorporated into a commercial product for the shop floor. 14 An advanced machine of this complexity requires the contributions of many skilled scientists and engineers that we acknowledge here, including Jim Kramer, Tony Lynn Miles, and Kharta Khalsa for software; Dave Bourque for electronics; Alfred Ratajczak and Kurt Stechman for mechanical design; and Randy Young and Mike Majlak for product line management. Step 1
Insert part and move focus stages so that the part surfaces are sharply in focus and there are interference fringes. In production testing, this is done when the stored part parameters are recalled. Images A and B are now of the front and rear sides of the part ͑see Fig. 5͒ . Step 2 Adjust part position as needed by use of stage motors to minimize tip and tilt. This is normally an automatic function by use of information gathered from a rapid sub-Nyquist scan of the part surface.
Step 3
Measure part surfaces by means of a reference mirror scan. Generate surface profiles. Step 4 Correct for the relative orientation of the optical datum planes by use of the DMI data, e.g., by means of Eq. ͑4͒.
Step 5
Subtract from surface profiles A and B the corresponding profiles of the artifact generated during the zero-gauge initialization procedure. 
